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Summary
Background: Restructuring chromatin into morphologi-
cally distinct chromosomes is essential for cell division,
but the molecular mechanisms underlying this process
are poorly understood. Condensin complexes have
been proposed as key factors, although controversial
conclusions about their contribution to chromosome
structure were reached by different experimental ap-
proaches in fixed cells or cell extracts. Their function un-
der physiological conditions still needs to be defined.
Results: Here, we investigated the specific functions of
condensin I and II in live cells by fluorescence micros-
copy and RNAi depletion. Photobleaching and quantita-
tive time-lapse imaging showed that GFP-tagged con-
densin II bound stably to chromosomes throughout
mitosis. By contrast, the canonical condensin I inter-
acted dynamically with chromatin after completion of
prophase compaction, reaching steady-state levels
on chromosomes before congression. In condensin
I-depleted cells, compaction was normal, but chromo-
somes were mechanically labile and unable to withstand
spindle forces during alignment. However, normal levels
of condensin II were not required for chromosome sta-
bility.
Conclusions: We conclude that while condensin I
seems dispensable for normal chromosome compac-
tion, its dynamic binding after nuclear envelope break-
down locks already condensed chromatin in a rigid state
required for mechanically stable spindle attachment.
Introduction
Chromosome condensation is an essential process by
which compact, rod-shaped mitotic chromosomes
form from dispersed interphase chromatin. Condensa-
tion allows chromosomes to attach to the mitotic spin-
dle and to move independently and resist the spindle
forces of congression and segregation. The topology
of chromatin during condensation is still poorly under-
stood. Condensation most likely occurs on many
*Correspondence: jan.ellenberg@embl.de
3 Present address: Institute of Biochemistry, ETH Zurich, 8093 Zur-
ich, Switzerland.different scales involving individual nucleosomes as
well as higher order folding structures [1, 2]. Recent im-
munofluorescence and electron microscopy studies
support a hierarchical model of chromosome condensa-
tion with intermediate stages of increasingly thicker fi-
bers during prophase progression [3].
Condensin complexes have been proposed as key
condensation factors, based on cell-free condensation
assays on unreplicated sperm chromatin [2, 4]. In vitro,
they promote ATP-dependent knotting of plasmid
DNA, suggesting that condensation is driven by an enzy-
matic reaction on DNA [5–7]. Surprisingly, metaphase
chromosome compaction is relatively unaffected in ani-
mals with depleted or mutated condensin subunits [8–
12] or in cultured cells depleted of condensin [13–15].
Chromosomes from such cells showed increased sensi-
tivity to hypotonic swelling [13, 14, 16], suggesting that
condensins might maintain rather than establish meta-
phase chromosome structure [15]. Furthermore, con-
densins are a major component of a chromosomal
‘‘scaffold’’ fraction obtained after extraction [17], con-
sistent with an architectural rather than enzymatic func-
tion of condensins [18].
Canonical condensin (condensin I) is a pentameric
complex consisting of two long coiled-coil Smc subunits
(Smc2 and Smc4) that associate with three additional
subunits (Kleisin-g, CAP-D2, and CAP-G; reviewed in
[2, 15, 19]). Recently, a second condensin complex (con-
densin II) was identified in vertebrates, sharing the same
Smc2 and Smc4 core subunits that associate with alter-
native non-Smc subunits Kleisin-b, CAP-D3, and CAP-
G2 subunits [16, 20, 21]. In our earlier work, we found
that condensin II is associated with chromatin during
prophase and that its depletion delays initiation of pro-
phase condensation but does not affect subsequent mi-
totic progression. In contrast, condensin I is excluded
from the nucleus until nuclear envelope breakdown
(NEBD). This observation and the fact that prophase
condensation is unaffected by its depletion [14] contra-
dicted the proposed function of condensin I in prophase
compaction. It remained unclear, however, whether
condensin I contributes to later condensation steps dur-
ing prometaphase, and which—if not chromatin com-
paction—could be its physiological function.
Here, we address the function of condensin I under
physiological conditions in living cells. We determined
the kinetics and stability of condensin I and II binding
to chromosomes during mitotic progression by using
functional EGFP-tagged condensin subunits. We found
that condensin I bound in two discrete steps at prome-
taphase and anaphase and associated dynamically
with chromosomes throughout mitosis. By contrast,
condensin II bound stably to chromosomes already in
prophase. By using quantitative fluorescence micros-
copy-based condensation assays in live cells, we
show that condensin I binding in prometaphase did
not induce detectable chromosome compaction. In-
stead, rigidity of centromeres in condensin I-depleted
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lay in chromosome congression and alignment. Our
data lead us to conclude that the physiologically rele-
vant condensin I function is mechanical stabilization of
chromosomes rather than their compaction.
Results
Condensin I Binds in Two Distinct Steps
to Mitotic Chromosomes
To correlate condensin I binding directly with potential
morphological changes of prometaphase chromo-
somes in vivo, we set out to quantitate the association
kinetics of condensin I with chromosomes during mi-
totic progression. Therefore, we established a monoclo-
nal HeLa cell line that stably expressed the EGFP- and
FLAG-tagged Kleisin-g subunit of the condensin I com-
plex (EGFP-Kleisin-g) at physiological levels. EGFP-
Kleisin-g coimmunoprecipitated with Smc4 and the
condensin I-specific subunit CAP-G, but not with the
condensin II subunits CAP-D3 and Kleisin-b (Figure 1A),
and cofractionated with Kleisin-g, Smc2, and Smc4 in
sucrose density gradients (data not shown), confirming
efficient and specific incorporation into the condensin I
complex. Finally, the cell line expressing EGFP-Kleisin-
g showed a rescue of phenotypic defects observed after
suppression of the endogenous gene by RNAi, indicat-
ing that the tagged protein is biologically functional
(see below).
Consistent with previous studies [14, 22], EGFP-
Kleisin-g was excluded from the nucleus in interphase
and prophase and bound to metaphase and anaphase
chromosomes along two parallel axes of metaphase
chromatids (Figure 1B). In anaphase, EGFP-Kleisin-g
was enriched on chromosome arms that extended
from the mass of chromosomes, best seen on bridged
chromosomes that occasionally occur in wild-type
HeLa cells. Measuring EGFP-Kleisin-g relative amount
on chromosomes by automated image analysis on
time-lapse recordings revealed that condensin I rapidly
associated with mitotic chromosomes directly after
NEBD in a single kinetic binding step and then remained
at constant levels from prometaphase to late metaphase
(Figure 1E). Just before anaphase onset, chromatin
bound EGFP-Kleisin-g increased again by 35% 6 8%
(mean 6 SD) before it dissociated from chromosomes
in late anaphase (Figure 1F). This second binding step
was not due to changes in chromosome orientation or
compaction during anaphase, for which our image-pro-
cessing tools corrected by normalization to the Hoechst
channel. Normal rat kidney (NRK) cells stably expressing
EGFP-Kleisin-g showed similar mitotic chromatin bind-
ing kinetics, indicating that the dynamics of condensin
I association is conserved between mammalian species
(see Figure S1 in the Supplemental Data available with
this article online). Similar results were obtained with the
condensin I-specific subunit CAP-D2 tagged with EGFP
and stably expressed in HeLa cells (Figure S1 and data
not shown), providing further evidence that the tag-
ged proteins are faithful reporters for the condensin I
complex.
We compared the two-step binding of condensin I
with the behavior of condensin II in a monoclonal HeLa
cell line stably expressing the EGFP- and FLAG-taggedKleisin-b subunit (EGFP-Kleisin-b). EGFP-Kleisin-b
specifically incorporated into the condensin II complex
as demonstrated by coimmunoprecipitation with Smc4
and the condensin II-specific subunit CAP-D3 but not
with the condensin I subunits CAP-G and Kleisin-g (Fig-
ure 1C) as well as cofractionation in sucrose density gra-
dients with Kleisin-b, Smc2, and Smc4 (data not shown).
It diffusely localized to the nucleus in interphase but
only colocalized with chromosomes from prophase to
anaphase (Figure 1D). In contrast to condensin I, con-
densin II levels on chromosomes remained constant
from prophase to anaphase (Figures 1E and 1F). Similar
results were obtained with Kleisin-b tagged at the C ter-
minus with EGFP (Figure S1).
Condensin I Exchanges Dynamically from Mitotic
Chromosomes, while Condensin II Remains
Stably Bound
To analyze the stability of condensin I and II binding to
chromosomes, we performed fluorescence recovery af-
ter photobleaching (FRAP) experiments. With Hoechst
as a reference marker for chromatin, we photobleached
half of the metaphase plate-localized pool of EGFP-
Kleisin-g or EGFP-Kleisin-b and followed the recovery
in the bleached area (Figure 2 and Figure S2). Fitting ex-
ponential functions to the data indicated the presence of
two fractions of condensin I complexes that differed in
their dissociation kinetics. 83% of EGFP-Kleisin-g was
bound transiently with a residence time of 221 6 70 s,
while 17% was stably bound to chromosomes (Figures
2A and 2B). In contrast, the condensin II subunit EGFP-
Kleisin-b showed little recovery after photobleaching
(Figures 2C and 2D), with less than 15% of EGFP-
Kleisin-b exchanging over 8 min. Consistent data were
obtained in anaphase cells (Figures S3A and S3B) and
in HeLa cell lines stably expressing EGFP-CAP-D2 (con-
densin I) and Kleisin-b-EGFP (condensin II) (Figures S3C
and S3D). These differences in binding stability are un-
likely to result from variable expression levels of tagged
condensin subunits, because we could not detect any
correlation of stably bound fraction nor residence time
with the expression level over a more than 2-fold range
that normally occurred in the stable cell lines (Figures
S2D–S2I). Furthermore, FRAP experiments in meta-
phase cytoplasm indicated that the exchange rate of
condensin I on chromatin was not limited by diffusion
(Figures S3E and S3F), and the homogeneous recovery
of the bleached region suggests that condensin I is ex-
changed by the cytoplasmic pool rather than by lateral
mobility of chromatin bound complexes.
Next, we addressed whether condensin II, a nuclear
protein throughout the cell cycle, also stably associates
with chromatin during interphase and prophase. Fluo-
rescence in half photobleached interphase nuclei rap-
idly recovered, indicating that condensin II freely dif-
fuses or interacts only very transiently with interphase
chromatin (Figures 2E and 2F and Figure S2), consistent
with the observation that condensin II is easily extract-
able from interphase cells [14, 21]. In contrast, 54% 6
11% of nuclear condensin II was stably bound already
to prophase chromatin, consistent with its localization
on chromosomal axes (Figures 2E and 2F). Thus, con-
densin II stably associated with chromosomes at the on-
set of condensation.
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335Figure 1. Kinetic Profiles of Condensin Binding during Mitotic Progression
(A) Stable expression of Flag-tagged EGFP-Kleisin-g in HeLa cells. EGFP-Kleisin-g coimmunoprecipitated with Smc4 (condensin I and II) and
CAP-G (condensin I), but not CAP-D3 and Kleisin-b (condensin II). Rabbit preimmune serum coupled to beads was used as control.
(B) Localization of condensin I in vivo. EGFP-Kleisin-g (green) localizes axially on metaphase chromosomes (stained by Hoechst 33342, red) and
is concentrated in paired foci (arrowheads). In anaphase, enrichment is on extended chromosome arms (closed arrowheads) and on occasionally
occurring chromosome bridges (open arrowhead).
(C) Stable expression of Flag-tagged EGFP-Kleisin-b in HeLa cells. EGFP-Kleisin-b coimmunoprecipitated with Smc4 (condensin I and II) and
CAP-D3 (condensin II), but not CAP-G and Kleisin-g (condensin I). Rabbit preimmune serum coupled to beads was used as control.
(D) Localization of condensin II (EGFP-Kleisin-b, green) and DNA (Hoechst 33342, red) in vivo. EGFP-Kleisin-g localizes axially on metaphase
chromosomes (inset).
(E) Relative amount of condensin I and II on chromosomes during prometaphase progression (mean 6 SD). Chromatin regions were automat-
ically identified in the Hoechst channel, and the ratio of mean EGFP to Hoechst fluorescence intensity was calculated in time-lapse recordings of
EGFP-Kleisin-g, respective EGFP-Kleisin-b-expressing cells (time lapse = 10 s; n = 5 for each condition, see also Figure S1). NEBD = 0 min. The
data were normalized to t = 6 min. A single exponential function was fitted to the EGFP-Kleisin-g data to determine the net on rate (kon = 0.0176
0.003 s21) and half maximal binding time (t1/2 = 42 6 9 s).
(F) Relative amount of condensin I and IIon chromosomes atmetaphase to anaphase transition (mean6SD).Data from cells expressing either EGFP-
Kleisin-g or EGFP-Kleisin-b (time-lapse = 1 min; n = 5 for each condition) were aligned at anaphase onset (0 min). Normalization was to t =23 min.
Consistent quantitative data were obtained with HeLa cell lines stably expressing EGFP-CAP-D2 (condensin I) and Kleisin-b-EGFP (condensin II) and
in a normal rat kidney (NRK) cell line stably expressing EGFP-Kleisin-g (Figures S1E and S1F and data not shown).
Scale bars equal 10 mm.Chromosome Compaction Is Completed
before Condensin I Binding
The differences in the timing and stability of chromo-
some binding strongly suggested that condensin I andII have fundamentally different functions in chromosome
structure. Specifically, we wanted to test whether con-
densin I contributes to chromosome compaction when
it binds after NEBD. To measure condensation in vivo,
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336Figure 2. Dynamic Binding of Condensin I and Stable Binding of Condensin II to Mitotic Chromatin
(A) Dynamic exchange of condensin I on metaphase chromosomes. Half of the metaphase plate in a EGFP-Kleisin-g-expressing cell was
bleached, and the recovery of fluorescence was followed by time-lapse recording. DNA was counterstained by Hoechst (red).
(B) Recovery of EGFP-Kleisin-g fluorescence after photobleaching. The normalized difference in mean EGFP fluorescence intensity between
bleached and unbleached chromatin regions is plotted. n = 10 experiments (mean6 SD). Stable bound fraction and residence time were deter-
mined by fitting a single exponential function.
(C) Stable association of condensin II with metaphase chromosomes. FRAP on a half metaphase plate in EGFP-Kleisin-b-expressing cell.
(D) Recovery of EGFP-Kleisin-g fluorescence after photobleaching. The normalized difference in mean EGFP fluorescence intensity between
bleached and unbleached chromatin regions is plotted for seven experiments (mean 6 SD).
(E) Condensin II is stably bound to prophase but not interphase chromatin. Half of the nucleus in EGFP-Kleisin-b cells was bleached.
(F) Recovery after photobleaching of EGFP-Kleisin-b fluorescence in interphase and prophase. The normalized difference in mean EGFP fluo-
rescence between bleached and unbleached regions is plotted (nR 9; mean 6 SD).
Scale bars equal 10 mm.we used NRK cells stably expressing low levels of core
histone H2B-EGFP [23], which are particularly suitable
to resolve individual chromosomes by high-resolution
time-lapse microscopy. First, we measured the width
of chromosome arms from late prophase to metaphase.
We did not detect significant arm thickening at the time
of condensin I binding after NEBD (Figures 3A and 3B).
Condensation could potentially also proceed by arm
shortening at constant arm width, which would cause
an increase in the local H2B-EGFP fluorescence inten-
sity. Since chromosome length could not be measured
precisely at the maximal z-resolution compatible with
division of live cells, we measured the mean fluores-
cence intensity of chromosome arms. Again, we did
not detect significant changes of chromosome compac-
tion before and after condensin I binding (Figure 3C). We
conclude that during normal mitotic progression in
mammalian cells, late prophase chromosomes do not
significantly compact further in prometaphase.Condensin I Depletion Impairs Mechanical Stability
of Centromeres
The lack of additional chromosome compaction after
condensin I binding suggested that condensin I might
perform a function other than promoting condensation.
The fact that binding occurred just before chromosome
congression and the enrichment at paired foci in meta-
phase (Figure 1B) led us to investigate the role of con-
densins at the centromeric spindle attachment sites.
Therefore, we depleted the isoform-specific as well as
the shared condensin I and II subunits by RNA interfer-
ence (RNAi) in live HeLa cells by using siRNA oligonucle-
otides and transfection conditions that depleted the tar-
geted subunits almost completely (Figure S4 and [14]).
We assayed the effect of condensin suppression in live
HeLa cells stably expressing the centromere-specific
histone EGFP-CENP-A as well as in fixed wild-type
HeLa cells immunostained for kinetochores. Metaphase
plates in condensin I-depleted cells showed a significant
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337(p < 0.01) increase in the interkinetochore distances,
whereas condensin II depletion to undetectable levels
showed no obvious effect (Figures 3D and 3E; Fig-
ure S4). Specificity of this phenotype was further dem-
onstrated by silencing endogenous Kleisin-g by means
of an siRNA directed against the 30 untranslated region
(UTR) of Kleisin-g and rescue of the phenotype by stable
expression of EGFP-Kleisin-g (Figures 3F–3H). Simulta-
neous depletion of both condensin I and II by Smc2 or
Smc4 RNAi was similar to depletion of condensin I sub-
units alone, arguing against additive effects between
condensin I and II.
Larger interkinetochore distance could be due to de-
fects in prophase compaction or the inability of correctly
compacted chromosomes to resist spindle forces. To
distinguish between these possibilities, we measured
the interkinetochore distance over time from prophase
to metaphase in live cells. Condensin I (CAP-D2)-
depleted cells showed interkinetochore distance of
0.7 6 0.1 mm in prophase and early prometaphase, sim-
ilar to controls (Figures 3I–3K; Movie S1), suggesting
that condensin I depletion did not cause an initial com-
paction defect. As prometaphase proceeded, more
and more centromere pairs became stretched (Figure 3I,
7 min, open arrowheads). Chromosomes with stretched
centromeres were typically already located close to their
later position in the metaphase plate, implying that
stretching was caused by bipolar attachment. After
alignment of all chromosomes in metaphase, a steady-
state level of about 2-fold centromere stretching was
reached (Figure 3I, 24 min).
The full extent of centromere stretching was revealed
when we imaged the oscillatory cycles of stretching and
recompaction that centromeres are known to undergo
normally [24]. Consistent with previous studies, we
found that in control cells, the interkinetochore distance
constantly fluctuates within a narrow range of 0.7 to
1.2 mm (Figures 4A and 4C; Movie S2). As expected, os-
cillatory movements stopped when we inhibited spindle
forces by the microtubule-stabilizing drug taxol, and
centromeres recompacted to 0.7 mm within 4 min. In
condensin I (CAP-D2)-depleted cells, stretching and re-
compaction was dramatically increased and ranged be-
tween 0.9 and 4 mm (Figures 4B and 4D; Movie S3). In
these cells, the movement between sister centromeres
was frequently uncoupled, such that when a centromere
moved toward the spindle pole (Figures 4F and 4G; blue
arrowheads), its sister followed by only 30% 6 10% of
this displacement. In contrast, sister centromeres were
tightly coupled in control cells and followed their dis-
placed sister by 90%6 30% (Figure 4H). After inhibition
of spindle forces, long-range oscillations in condensin
I-depleted cells ceased and centromeres recompacted
to similar levels as in control cells. By contrast, centro-
mere dynamics were unaffected in condensin II (CAP-
D3)-depleted cells (Figure 4E). Consistent results were
obtained with depletion of other condensin I- or II-spe-
cific subunits and by depolymerizing microtubules
with nocodazole (not shown). In summary, our data
show that condensin I provides mechanical stability to
centromeres before congression and is required for me-
chanical linkage between sister centromeres in meta-
phase. It is not required, however for their compaction
in prophase or recompaction after spindle forcesceased in metaphase. Condensin II, on the other hand,
is dispensable for centromere stability.
Condensin I and II Are Both Required
for Normal Segregation
Our findings that condensin I and II bind to chromatin at
different stages of mitosis with different stabilities and
that their depletion results in different phenotypes in
prophase and metaphase led us to dissect their respec-
tive contribution to segregation defects described in
several previous studies [8–13, 22, 25]. Therefore, we
quantitated anaphase defects in live HeLa cells stably
expressing low levels of H2B-EGFP after RNAi depletion
of condensin I or II. Our time-lapse recordings revealed
that segregation problems arose in early anaphase A in
both condensin I- and II-depleted cells (Figure 5A; Movie
S4). Similar to previous studies, this resulted in a large
fraction of cells with bridged or lagging chromosomes
(Figures 5B and 5C). Additionally, anaphase chromatid
arms displayed thicker fragments connected through
very thin segments, indicative of severe local over-
stretching along their length (Figure 5D). Overall, deple-
tion of condensin I or II had similar effects on segrega-
tion, and when condensin I and II were simultaneously
depleted, bridging and arm stretching became more
penetrant (making it sometimes difficult to unambigu-
ously identify lagging chromosomes). We conclude
that while they have distinct functions during prophase
and prometaphase, respectively, condensin I and II are
both required for normal chromosome segregation.
Discussion
Condensin I Binding in Prometaphase Does Not
Induce Chromosome Compaction
Our finding that condensin I binding to chromosomes af-
ter NEBD does not induce a significant further compac-
tion of chromosomes and the absence of a condensation
defect after condensin I depletion [14] suggest that con-
densin I is dispensable for compaction of chromatin
in vivo. This was surprising given that condensin I is
required for chromosome condensation in Xenopus ex-
tracts [4, 26] and that condensin I can introduce positive
knots into naked plasmid DNA [5–7]. However, the latter
activity was observed at unphysiologically high con-
densin I to DNA ratios and could thus be weak in vivo.
Consistently, chromosomes slowly hypercondense in
a condensin I-dependent manner, but only if cells are ar-
tificially arrested in prometaphase [14]. This low rate is
unlikely to significantly contribute to normal chromo-
some condensation in intact mammalian cells that
have a brief prometaphase. Since we assayed chromo-
some structure in live cells, we can not, however, ex-
clude that condensin I causes chromatin rearrange-
ments below the resolution of confocal microscopy.
Condensin I Stabilizes Centromeric Chromatin
After depletion of condensin I, centromeres showed dra-
matically increased oscillatory stretching and recom-
paction during metaphase, interestingly in an uncoupled
manner from their sister centromeres (compare Figures
4G and 4H). This is most easily explained by impaired
mechanical rigidity of centromeres and likely the entire
chromosome, which can thus not resist the normal
Current Biology
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(A–C) The compaction to rod-shaped mitotic chromosomes is completed before NEBD.
(A) 4D-time-lapse recording of a H2B-EGFP-expressing NRK cell. NEBD (t = 0 min) is identified by the loss of a defined nuclear boundary. Se-
lected single slices are shown.
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339pulling forces of the mitotic spindle. Because the
morphology of EGFP-CENP-A regions in condensin
I-depleted cells was unaffected, the stretching likely oc-
curred mainly at the inner centromere. Because spindle
length and shape as well as kinetochore fiber thickness
were normal in condensin I-depleted cells, it is unlikely
that pulling forces at kinetochores were increased
(Figure S5). This is in contrast to the spindle defects re-
ported in Xenopus extracts after immunodepleting the
shared subunit Smc2 (XCAP-E [27]).
That only condensin I affected the integrity of centro-
meres was initially surprising because condensin II, but
not I, has been reported to be enriched at kinetochores
[22]. However, our FRAP experiments show that con-
densin I binds dynamically to chromosomes and may
thus have been extracted from centromeres by the fixa-
tion procedure used. In live metaphase cells, we found
both condensin I and II enriched at paired foci, sugges-
tive of centromere localization (Figures 1B and 1D, ar-
rowheads, and data not shown). Consistent with our
data, condensin-dependent centromere defects have
been observed [10, 22, 27–32], but neither the specific
contributions of condensin I or II nor the underlying
mechanism had been addressed. The mitotic spindle
also exerts forces on chromosome arms through the ac-
tivity of chromokinesins [33]. To probe whether conden-
sins control structural integrity outside of centromeres
as well, it will be important to develop in vivo assays
for mechanical stability of chromosome arms. Previous
studies reported that condensins are required for chro-
mosome congression [14, 22]. However, our time-
resolved analysis clearly showed that congression
errors occurred only transiently, and almost all cells
depleted for condensin I and/or II eventually formed a
compact metaphase plate.That condensins maintain rather than establish
compact mitotic chromosomes has been previously
proposed based on the hypersensitivity of condensin-
depleted chromosomes to hypotonic or low Mg2+
buffers [13–15]. However, it remained unclear whether
this is physiologically relevant. Our study clearly demon-
strates that condensin I is required for mechanical rigid-
ity of chromosomes to resist spindle forces in vivo,
which suggests an architectural rather than enzymatic
function. Stretched centromeres recompacted immedi-
ately after inhibition of spindle forces, even when both
condensin I and II were depleted, indicating a conden-
sin-independent chromatin-compacting activity in mito-
sis. This activity is also highlighted by the compact
metaphase plates in cells depleted for both condensin
isoforms (e.g., Figure 3D; [13, 14]). In future experiments,
it will be important to identify other candidate molecules
for this activity [33–35]. Our quantitative condensation
assays in intact cells should allow us to do this by mi-
croscopy-based RNAi screening.
Based on our data, we can speculate on the molecular
mechanism by which condensin I might stabilize chro-
mosomes. Condensins are related to cohesin, which to-
pologically crosslinks sister chromatids [36]. Condensin
I might establish analogous intrachromatid links, which
would explain mechanical rigidity along the chromatid
axis. Consistent with this idea, chromosomes cut by re-
striction endonucleases do not entirely disassemble
[37]. That stretched centromeres in condensin-depleted
cells reflect a simple loss of cohesion is unlikely because
stretching was reversed completely upon spindle force
inhibition. Alternatively, condensin could contribute to
chromosome rigidity indirectly as a loading factor for
nonhistone proteins such as topoisomerase II and
INCENP into the chromosome scaffold [13, 17, 38].(B) Chromosome arm width does not increase during prometaphase. Arm width was measured by the distance between half-maximum inten-
sities in normalized line profiles of chromosome arm cross-sections (e.g., along the yellow dashed line in [A]). Mean 6 SD for a total of 40 chro-
mosome cross-sections in four cells at each time point is plotted. Significant increase in arm width occurs during prophase (compare t =216 min
with t = 0 min, **p < 0.01), but not during prometaphase (compare t = 0 min with t = 10 min, p = 0.22). Separated sister chromatid arms in anaphase
had significantly smaller width than metaphase chromosomes (**p < 0.01), demonstrating sensitivity of the assay.
(C) Similar compaction of late prophase and prometaphase chromosomes. The mean6 SD of 40 peak fluorescence intensities was determined
in line profiles across chromosome arms in four H2B-EGFP-expressing NRK cells and normalized to t = 25 min ( = prophase). Prometaphase
intensities were measured at 5 min after NEBD. Significant changes were observed between early and late prophase (p < 0.01), but not between
late prophase and prometaphase (p = 1.0).
(D) Condensin I and/or II was depleted by RNAi against individual subunits in HeLa cells expressing EGFP-CENPA (green) stained by Hoechst
(red). Increased interkinetochore distance in live metaphase cells depleted for condensin I (CAP-D2 RNAi) or both condensin I and II (Smc2 RNAi),
open arrowheads. Depletion of condensin II (CAP-D3 RNAi) did not affect centromere stretching (closed arrowheads).
(E) Mean 6 SD of interkinetochore distance measured in live cells depleted for individual condensin I and II subunits by RNAi (nR 250 kineto-
chores inR7 cells per condition).
(F–I) Specificity of RNAi and validation of EGFP-Kleisin-g function by rescue of increased interkinetochore distance.
(F) Depletion of Kleisin-g by an siRNA against the 30 untranslated region of Kleisin-g (Kleisin-g-UTR). Cells were processed for immunofluores-
cence staining 72 hr posttransfection.
(G) Increased interkinetochore distance in wild-type cells treated with Kleisin-g-UTR siRNA, and rescue of the phenotype by EGFP-Kleisin-g ex-
pression. Wild-type and EGFP-Kleisin-g-expressing Hela cells were processed for immunofluorescence staining by mouse-anti CENP-A anti-
body (Abcam) 72 hr posttransfection.
(H) Mean 6 SD of interkinetochore distances measured in cells processed as described in (G) (n = 10 cells per condition).
(I) Stretched centromeres in condensin I-depleted cells occur during congression. Selected slices of a 4D-timelapse recording of CAP-D2-
depleted HeLa cell expressing H2B-mRFP (A. Keppler and J.E., submitted) and EGFP-CENPA. Compact centromeres with paired EGFP-CENPA
dots are visible in prophase (22 min, arrowheads) and early prometaphase (2 min). At later stages of prometaphase, an increasing fraction of
centromeres is stretched (7 min, open arrowheads). In metaphase, all chromosomes are stretched (24 min). See also Movie S1.
(J) Mean6 SD of interkinetochore distance (n = 16 centromeres per frame) in a control cell during mitotic progression. Representative example
(n = 10).
(K) Interkinetochore distance (n = 19 centromeres per frame) in a condensin I-depleted cell (CAP-D2 RNAi). Representative example (n = 6).
Scale bars equal 10 mm.
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(A) Centromere dynamics in control metaphase cells. Time-lapse recording of unperturbed EGFP-CENP-A-expressing HeLa cells (t =2155–0 s).
After inhibition of spindle forces by 10 mM Taxol at t = 0 s, decrease in interkinetochore distance. Green and blue arrowheads correspond to
quantitative measurements in (C). For entire data see Movie S2.
(B) Spindle force-dependent increase in centromere dynamics in condensin I-depleted cells. Time-lapse recording of CAP-D2-depleted cells.
After inhibition of spindle pulling forces by 10 mM Taxol at t = 0 s, centromere oscillations cease and they recompact similar to control cells. Yel-
low and blue arrowheads correspond to quantitative measurements in (D). See Movie S3.
(C–E) Quantitative analysis of interkinetochore distance dynamics. Individual plots correspond to the centromeres highlighted in (A) and (B) and
additional centromeres not highlighted in the images.
(C) Control RNAi. Representative example (n = 10).
(D) Condensin I depletion (CAP-D2 RNAi; n = 3).
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341Figure 5. Condensin I and II Are Both Required for Segregation
(A) Time-lapse recording of H2B-EGFP-expressing HeLa cells depleted for condensin I and II by RNAi against Smc4. Segregation defects occur
during early anaphase (arrowheads). See also Movie S4.
(B–D) Statistical analysis of segregation defects in time-lapse recordings from cells depleted for individual condensin I and II subunits. Mean 6
SD of defects observed in individual depletions for the particular condensin complex is shown (condensin I = Kleisin-g, CAP-D2, or CAP-G RNAi;
condensin II = Kleisin-b, CAP-D3, or CAP-G2 RNAi; condensin I + II = Smc2 or Smc4 RNAi). nR 12 per RNAi condition (merged into nR 45 per
depleted complex).
(B) Percentage of anaphase cells with bridged chromosomes.
(C) Percentage of anaphase cells with lagging chromosomes.
(D) Percentage of anaphase cells showing irregular arms with thicker regions connected by thin arm segments (arrowheads).Different Binding Times of Condensin I and II
Suggest Different Functions
Our photobleaching experiments revealed that while
condensin II bound stably to mitotic chromosomes,
condensin I constantly exchanged on and off chromatin.
The lack of a gradient at the boundary between
bleached and unbleached regions during FRAP recov-
ery indicated that chromatin bound condensin I ex-
changes with the cytoplasmic pool rather than moving
along chromatin. It is unlikely that the dynamics reflect
exchange of individual subunits within the complex,
because the two condensin I subunits Kleisin-g and
CAP-D2 behaved similarly. We also did not detect any
differences between N- and C-terminally tagged Klei-
sin-b, indicating that the position of EGFP does notsignificantly influence exchange rates. It is worth noting
that while condensin II is stably bound throughout mito-
sis, it is dynamic in interphase and can thus also be effi-
ciently run down after RNAi treatment. The different
interaction with chromatin and the different interphase
localization of condensin I and II must be mediated by
the non-Smc subunits and support the idea that the
two complexes have fundamentally different functions
in vivo. Comparing condensin I and II activities by in vitro
DNA knotting assays should allow this hypothesis to be
tested. It might appear counterintuitive that condensin I,
as the more dynamic complex, structurally stabilizes
chromosomes. However, dynamic interactions can
maintain a steady-state structure, as exemplified by
the mitotic spindle. Indeed, such a dynamic yet(E) Condensin II depletion (CAP-D3 RNAi; n = 3).
(F) Kinetochore movements relative to spindle poles by time-lapse imaging of HeLa cells expressing EGFP-a-Tubulin and EGFP-CENP-A. The
trajectories of a single kinetochore pair are highlighted in red. In CAP-D2-depleted cells, a single kinetochore moves poleward (arrowheads)
while its sister does not follow in a tightly coupled way.
(G) Spindle pole (gray) and sister kinetochore (red) positions were quantitated along the spindle axis. Uncoupled sister kinetochore movements
are highlighted by arrowheads.
(H) In control cells, poleward sister kinetochore movements are tightly coupled.
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342Figure 6. A New Model for Mitotic Condensin Function
Separate phases of shaping and stabilizing mitotic chromosomes. Dynamic chromosome reorganization (prophase condensation, late meta-
phase arm resolution) occurs before condensin I binding steps (indicated by asterisks at prometaphase and anaphase onset). Condensin I bind-
ing mechanically stabilizes chromosomes before exposure to spindle forces (in prometaphase mainly at centromeres, in early anaphase on chro-
mosome arms). Condensin II binds to chromosomes during prophase and is more directly involved in compaction.mechanically stable condensin I architecture may be
key to support the dramatic structural transitions re-
quired for chromosome segregation.
Does Condensin I Stabilize Chromosomes
in Anaphase?
Anaphase defects in condensin-deficient cells (Figure 5;
[10–13, 25]) have been previously explained as an indi-
rect consequence of inefficient condensation in preced-
ing mitotic phases. In contrast, recent studies in yeast
and Xenopus egg extracts suggested a more direct
function of condensin during anaphase [27, 39–41].
The distinct binding step in early anaphase that we mea-
sured for condensin I, together with our observation that
condensin I stabilizes metaphase centromeres, makes
us speculate that it also mechanically stabilizes chromo-
some arms in anaphase. Supporting this idea, conden-
sin I was enriched on extended anaphase chromosomes
and its depletion caused irregular anaphase chromatid
elongations, strikingly resembling the appearance of
mechanically stretched chromosomes after nuclease
treatment [37]. It will be important to develop quantita-
tive in vivo assays similar to the condensation assays
used here to investigate condensin function during ana-
phase and telophase.
Conclusions
Based on our data, we propose a two-step model for
mitotic chromosome condensation. Phases of chroma-
tin plasticity (prophase condensation) would precede
phases where chromosomes are mechanically stabi-
lized to resist spindle forces (prometaphase to ana-
phase; Figure 6). Abolishing nuclear compartmentaliza-
tion by NEBD would control the transition between these
phases. During prophase, the nuclear envelope ensures
that microtubules cannot contact chromosomes while
their chromatin is compacted. By allowing rapid bindingof cytoplasmic chromosome-stabilizing factors like
condensin I, NEBD would then lock chromatin structure
before microtubule attachment. This would ensure that
chromosomes are a sufficiently stable substrate for
the subsequent formation of a bipolar spindle.
In conclusion, our data define the major role of the ca-
nonical condensin I as a chromosome-stabilizing factor.
Both condensin I and II are dispensable for chromosome
compaction in vivo, indicating that the major chromo-
some-compacting activity still needs to be discovered.
Experimental Procedures
Reagents, Cell Culture, and Biochemistry
cDNA of Kleisin-g and Kleisin-b were generated by PCR with
KIAA0074 or RZPD clone ID03509636, respectively, as template.
Flag-tagged EGFP-Kleisin-g or EGFP-Kleisin-b cDNAs were cloned
into pEGFP-C1 (Clontech) modified to contain an N-terminal flag-
tag. HeLa cell clones stably expressing EGFP-Kleisin-g or EGFP-
Kleisin-b did not show any perturbations in morphology or prolifera-
tion rate (data not shown). Anti-GFP antibody was purchased from
Roche (mixture of monoclonal antibodies 7.1 and 13.1). Antibodies
against Kleisin-g and Kleisin-b were as in [21]. Human CREST serum
and CAP-D3 antibodies were kindly provided by A. Kromminga (IPM,
Hamburg) and E. Ogris (University of Vienna), respectively. EGFP-
CENP-A- and H2B-EGFP-expressing HeLa cell lines were as de-
scribed in [42] and [14], respectively.
siRNAs were from Ambion Europe Ltd. or VBC Genomics (for se-
quences, see Supplemental Experimental Procedures) and trans-
fected into HeLa cells at 120–200 nM by Oligofectamine (Invitrogen),
according to the manufacturer’ s instructions. All experiments were
performed 48 hr or 72 hr posttransfection. Knockdown efficiencies
of siRNAs were validated by immunofluorescence (CAP-D2, CAP-
D3, Smc2, Kleisin-g: see Figures S4 and S3 and [14]), or previously
validated siRNAs were used [16, 22]. Taxol was from Sigma.
Preparation of cell extracts and immunoprecipitation experiments
were as described in [43].
Time-Lapse Microscopy and Photobleaching Experiments
Cells were grown in LabTek chambered cover glasses (Nunc).
1 hr before imaging, medium was changed to prewarmed
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343CO2-independent medium without phenol red (Invitrogen), and
chambers were sealed with silicon grease. Where indicated, DNA
was stained in live cells by 0.2 mg/ml Hoechst 33342. Single confocal
sections or three-dimensional stacks of live cells were captured au-
tomatically over time with an in-house developed software macro
[44] on a customized Zeiss LSM510 confocal microscope with
a 633 or 403 objective [45] or on a DeltaVision Olympus IX70 in-
verted microscope (Applied Precision) with 603 objective. For pho-
tobleaching experiments, selected regions were illuminated at 100-
to 500-fold of the acquisition laser intensity.
Image Processing
Relative amounts of EGFP-tagged condensin subunits on chromatin
were quantitated in time-lapse recordings of single optical sections
by macros implemented in Heurisko 4.0 (Aeon). First, chromatin re-
gions were automatically detected in the Hoechst channel by aniso-
tropic diffusion filtering and thresholding [45]. Similarly, cytoplasmic
regions were segmented by filtering and thresholding in the EGFP
channel and by excluding chromatin regions. Next, the mean fluo-
rescence intensity of EGFP and Hoechst were determined in chro-
matin and cytoplasmic regions. Assuming that chromatin is accessi-
ble by diffusion ([46] and our observations), we determined the
relative amount of chromatin bound EGFP-condensin by subtract-
ing the signal of soluble EGFP-condensin (mean cytoplasmic
EGFP fluorescence) from the mean chromatin EGFP fluorescence.
To correct for changes in apparent chromatin compaction during mi-
totic progression, we normalized to the mean fluorescence intensity
of the Hoechst signal. In summary, we measured:
½bound EGFPchrom = f½EGFPchrom2 ½EGFPcytog=
f½Hoechstchrom2 ½Hoechstcytog:
Fluorescence recovery in photobleaching experiments was mea-
sured automatically on chromatin regions segmented by filtering
and thresholding as above. The boundary between bleached and
unbleached regions was defined interactively. To determine associ-
ation rates (in time-lapse recordings) or dissociation rates and stably
bound fractions (in FRAP experiments), single exponential functions
were fitted to the data via Berkeley Madonna (http://www.
berkeleymadonna.com).
Chromosome condensation was measured in 4D recordings with
a sampling of 512*512*15*20 (xyzt) at (0.1*0.1*1.0 mm * 2 min) resolu-
tion. Line profiles of fluorescence intensity on chromosome arm
cross-sections were measured in optical slices and then normalized
to the peak intensity to obtain the width by the distance between
half-maximal fluorescence intensity. For measurements of fluores-
cence intensities on chromosome arms, the mean of peak fluores-
cence intensities in 10 chromosome arm cross-sections at t = 5
min after NEBD was normalized to t = 5 min prior to NEBD in 4 cells.
Interkinetochore distances were interactively measured in 3D sin-
gle metaphase stacks or in 2D time-lapse recordings by ImageJ and
the PointPicker plugin (http://bigwww.epfl.ch/thevenaz/pointpicker/).
To measure coupling of sister centromeres, their relative displace-
ment from the spindle center was measured over an interval of
30 s when they reached the point of maximal displacement toward
a spindle pole.
Statistical Analysis
Interkinetochore distances in control and RNAi-treated cells (Fig-
ure 3E) were not normally distributed and therefore were tested by
two-tailed Mann-Whitney U-test at an a level of 0.01. Cells depleted
for CAP-D2 (n = 405 kinetochores), CAP-G (n = 411), Kleisin-g (n =
354), Smc2 (n = 437), and Smc4 (n = 298) had interkinetochore dis-
tances increased by more than 0.5 mm above control (n = 783),
with p < 0.0001 for each condition. Kinetochore measurements
were performed in nR 7 cells per condition. Significance of differ-
ences in chromosome width (Figure 3B) and mean fluorescence
(Figure 3C) were tested by two-tailed Mann Whitney U-test at an
a level of 0.01.
Supplemental Data
Supplemental Data include five figures, four movies, and Supple-
mental Experimental Procedures and can be found with this articleonline at http://www.current-biology.com/cgi/content/full/16/4/
333/DC1/.
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